While gene flow between distantly related populations is increasingly recognized as a potentially important source of adaptive genetic variation for humans, fully characterized examples are rare. In addition, the role that natural selection for resistance to vivax malaria may have played in the extreme distribution of the protective Duffy-null allele, which is nearly completely fixed in mainland sub-Saharan Africa and absent elsewhere, is controversial. We address both these issues by investigating the evolution of the Duffy-null allele in the Malagasy, a recently admixed population with major ancestry components from both East Asia and mainland sub-Saharan Africa. We used genome-wide genetic data and extensive computer simulations to show that the high frequency of the Duffy-null allele in Madagascar can only be explained in the absence of positive natural selection under extreme demographic scenarios involving high genetic drift. However, the observed genomic single nucleotide polymorphism diversity in the Malagasy is incompatible with such extreme demographic scenarios, indicating that positive selection for the Duffy-null allele best explains the high frequency of the allele in Madagascar. We estimate the selection coefficient to be 0.066. Because vivax malaria is endemic to Madagascar, this result supports the hypothesis that malaria resistance drove fixation of the Duffy-null allele in mainland sub-Saharan Africa.
Introduction
Scans for signatures of recent positive selection in human populations have now identified hundreds of candidate loci, suggesting that positive natural selection has been an important force shaping genetic diversity within and between human groups (e.g. [1, 2] ). For the vast majority of the candidate positive selection loci, we have no understanding of their biological consequences (phenotypes) or the environments under which the selective pressures were relevant. To date, most attention has been paid to identifying recently selected genomic regions within and between regional human groups. However, the role of natural selection in shaping the genetic diversity of admixed human populations has recently gained attention with the study of high-altitude-adapted alleles among admixed Tibetans [3] and the report that Eurasian populations may have acquired adaptive skin phenotype alleles through past admixture with Neandertals [4] .
The Duffy blood group locus (the DARC gene), for which phenotypic consequences are known for a genetic variant [5] that is strongly differentiated between sub-Saharan African and non-African human populations [6] , and for which a credible selection pressure hypothesis exists [7] , presents an excellent opportunity to examine the role of natural selection in the Malagasy, a recently admixed population with major ancestry components from mainland sub-Saharan Africa and East Asia. The Duffy antigen is typically expressed on the surfaces of both white and red blood cells and is encoded by the Duffy antigen receptor for chemokines (DARC). There are two DARC protein polymorphisms, the FY*A and FY*B alleles, that differ by a single amino acid. A third polymorphism, FY*O or the Duffy-null allele, is a DARC promoter region single nucleotide polymorphism (SNP) that effects the loss of Duffy antigen protein expression on red blood cells [5] .
The vivax malaria parasite, Plasmodium vivax, typically requires the presence of intact FY*A or FY*B antigens to invade red blood cells [7] . Individuals homozygous for the Duffy-null allele were once thought to be completely resistant to vivax malaria infection [7] , though very rare cases of infections have been reported [8, 9] . While mainland sub-Saharan Africans are nearly fixed for the Duffy-null allele, it is absent in all other human populations with no history of recent African admixture [6] except for Papua New Guineans who have acquired the allele through independent mutation and have it at very low frequency (approx. 2%) [10] . This extreme level of population differentiation is highly unusual across the genome [11] . Vivax malaria, in contrast, is currently, or was historically, found in all parts of the world with appropriate climates and Anopheles mosquito vectors except for sub-Saharan Africa [12] .
The allele frequency pattern and genotype-disease association combination have been interpreted as evidence for a past history of natural selection for resistance to vivax malaria, thus favouring the Duffy-null allele, in mainland sub-Saharan Africans [13] . Indeed, relative to Europeans, Africans show reduced genetic diversity surrounding the SNP that causes loss of DARC expression, which is consistent with a past selective sweep [14, 15] . However, questions have been raised about whether vivax malaria is a plausible agent of selection on the Duffy-null allele (e.g. [13, 16] , and see Discussion).
The Malagasy, the people of Madagascar, offer a unique opportunity to test hypotheses of recent selection for the Duffy-null allele in an environment with endemic vivax malaria. Madagascar was probably settled within the past 2300 years [17] by both Bantu-speaking sub-Saharan Africans and Austronesian speakers from southeast Asia [18] . A recent report suggests a possible human presence on Madagascar as early as 4000 years ago [19] ; however, the context of the dated material is unclear owing to a complex stratigraphy. The strongest archaeological evidence points to an early human presence on Madagascar approximately 2300 years BP [17] .
Genetic surveys focusing on the uniparentally inherited mitochondria and Y-chromosome have confirmed the dual southeast Asian/African origin of the Malagasy [20] [21] [22] , with admixture proportions estimated to be near equal between the two ancestral groups [22] , though with a difference between the more African coastal groups and the more Austronesian Central Highland groups [21, 23] . A recent analysis of nuclear genomic SNP data from three southern coastal groups estimated the proportion of African ancestry to be 67% [24] . There was also some Near Eastern Islamic cultural influence on the Northwest coast of the island [25] , though little evidence of a genetic legacy has yet been described [21, 22] .
While the oldest known settlement on Madagascar dates to 1300 BP [18] , there are no clear cultural associations with the oldest sites, so it is not known from which source population they derive [25] . Thus, the sequence of arrivals on Madagascar is debated and uncertain [26, 27] . By 1000 BP, clear archaeological connections to both mainland Africa and East Asia can be observed from pottery, domestic animal and domestic crop evidence [18, 25, 26, 28] . The archaeological record suggests that Madagascar was relatively sparsely populated until about 1300 BP, followed by increases in the number and size of settlements [18, 25] , leading to the current census size of more than 23 million Malagasy [29] .
The mainland sub-Saharan African migrants brought the Duffy-null allele to Madagascar. Vivax malaria is currently endemic to Madagascar [12] , probably brought to the island by Austronesians. A recent survey from across Madagascar found the frequency of the Duffy-null allele to be 0.83 [9] . If the sub-Saharan African migrants to Madagascar were fixed for the Duffy-null allele, then in the absence of further evolutionary processes the expected frequency of the Duffy-null allele in the Malagasy would equal the amount of sub-Saharan African ancestry, which has been estimated to be from 50 to 67%, depending on the population sample [21, 22, 24] . In this paper, we test the null hypothesis that genetic drift alone can explain the difference between the observed and expected frequencies of the Duffy-null allele in Madagascar, against an alternative hypothesis of a recent history of positive selection, using a series of computer simulations and genomic SNP data from Malagasy and comparative population samples.
Material and methods
We analysed genomic SNP data using the Affymetrix GeneChip Human 10 k 2.0 SNP Array for 19 Malagasy Merina individuals collected from the Central Highlands of Madagascar and a comparative dataset consisting of 16 Bantu speakers from South Africa, 20 Burunge from East Africa, 20 Mozambicans, 42 Europeans, 11 Mala and 11 Brahmin from India and 20 Chinese and Japanese individuals. We also genotyped the Duffy-positive/null causative SNP (rs2814778) in the Malagasy Merina samples, using Sanger Sequencing. Malagasy admixture was characterized using identity by statemultidimensional scaling (IBS-MDS) and the model-based clustering algorithm implemented in ADMIXTURE [30] . The expected change in Malagasy Duffy-null allele frequency in the absence of natural selection (genetic drift alone) for a variety of possible demographies was explored through forward evolution computer simulations using the program fastadsim.pl, written for this project. Fastadsim.pl was also used to estimate the expected amount of genomic allelic fixation given demographic scenarios compatible with the genetic drift hypothesis. Finally, we estimated the selection coefficient for the Duffy-null allele, assuming that selection could act only on the recessive phenotype. Detailed human research ethics, genotyping and analytical methods are provided in the electronic supplementary material, Materials and Methods. Madagascar (including the capitol city, Antananarivo; the Merina are the largest Malagasy ethnic group), along with a comparative dataset. The final dataset consisted of 159 individuals genotyped for 11 552 SNPs. We used an IBS-MDS analysis to visualize the relationship of the Malagasy to the other worldwide populations from the SNP data (figure 1a). The first dimension largely separates mainland sub-Saharan Africans from the rest of the world, while the second dimension separates western and eastern Eurasians. The 19 Malagasy individuals are stretched along a gradient on the MDS plot from the sub-Saharan Africans to the East Asians, with one individual displaced in the direction of the Central Asians/Europeans. This pattern is not surprising given the known history of admixture in Madagascar [18] .
Results
To quantify admixture levels in the Malagasy individuals, we used the software ADMIXTURE [30] . The model with three ancestral populations, largely corresponding to sub-Saharan Africa, Europe and East Asia best explained the data (electronic supplementary material, figure S1 ). As expected, the Malagasy primarily have sub-Saharan African and East Asian ancestry, but are highly variable in their ancestry proportions (figure 1b). On average, our Malagasy population sample has an estimated 48% sub-Saharan African and 48% East Asian ancestry, in close agreement with estimates from mitochondrial and Y-chromosome DNA [22] . The Malagasy also have an average of 4% 'European' ancestry. While Arab traders had extensive contact with Madagascar over the past 1000 years [25] , prior surveys of Y-chromosome and mtDNA have failed to identify a significant Middle Eastern genetic legacy in the Malagasy [21, 22] . It is plausible that the 'European/Central Asian' ancestral component observed in our nuclear genomic analysis of the Malagasy can be attributed to a history of admixture from the Middle East, or possibly small-scale recent admixture during the period of French colonialism.
Our estimate of 48% average sub-Saharan African ancestry in the Highland Merina population is lower than the 67% average sub-Saharan African ancestry for three Madagascar southern coast populations that was recently reported by Pierron et al. [24] , also using genome-wide SNP genotype data. This finding is broadly consistent with previously reported ancestry differences between highland and coastal populations based on mtDNA and Y-chromosome markers [21] . Moreover, we found the Merina to be much more variable in their ancestry proportions (s.d. ¼ 20.2%) than the southern coastal populations (s.d. ¼ 3.23%) [24] . We offer three nonmutually exclusive hypotheses that might explain this observed difference: (i) East Asian/sub-Saharan African admixture may have occurred more recently in the Merina, (ii) the Merina may have mated assortatively with respect to ancestry to a greater extent than the coastal populations, or (iii) some Malagasy from other ethnic groups with different ancestry proportions may have recently adopted the Merina ethnic affiliation, a plausible scenario given that the Merina are the dominant ethnic group and historic rulers of the island.
(b) Frequency of the Duffy-null allele in Madagascar
Menard et al. [9] sampled 661 Malagasy individuals from eight localities from across Madagascar and reported an overall Duffy-null allele frequency of 0.83. Their Highland population sample consisting of the Merina and Bezanozano ethnic groups (n ¼ 69) had a Duffy-null allele frequency of 0.78 (108 of 138 chromosomes), while their southern coastal population sample from Farafangana consisting of the Antaisaka, Antaifasy and Zafisoro ethnic groups (n ¼ 86) had a Duffy-null allele frequency of 0.92 (158 of 172 chromosomes).
We checked whether the frequency of the Duffy-null allele in our Merina Highland sample was consistent with the Highland population and overall Malagasy sample estimates of Menard et al. [9] 
(c) Computer simulations to test evolutionary hypotheses for the Duffy-null allele
Because mainland sub-Saharan Africans are nearly fixed for the Duffy-null allele, while non-admixed populations from other continents are effectively fixed for Duffy-positive alleles, in the absence of natural selection, the expected frequency of the Duffy-null allele in the Malagasy is equal to their proportion of sub-Saharan African ancestry, with differences from this proportion owing to genetic drift. The expected amount of genetic drift is a function of the effective population size and the number of generations of drift [34] , which are unknown in the Malagasy. We used computer simulations to test whether the observed Duffy-null allele frequency is better explained by a null hypothesis of genetic drift or an alternative hypothesis of positive natural selection in the relatively short time since humans first arrived in Madagascar, under a range of demographic scenarios. Specifically, we wrote a forward-evolution computer simulation program, fastadsim.pl, which tracks allele frequency change in an admixed population, given: (i) allele frequencies in parent populations, (ii) admixture proportion, (iii) starting effective population size, (iv) migration rate from each parent population, (v) rate of population growth, and (vi) number of generations since admixture. We sought to be conservative in our choice of simulation parameters. For all simulations, we used Duffy-null allele frequencies of 1.0 and 0.0 for the mainland sub-Saharan African and Eurasian parent populations, respectively. We chose starting effective population sizes (at the time of admixture) of 100, 200 and 500, and population growth parameters of 2, 5 and 10%, all of which are probably lower than those that reflect the true demographic history of Madagascar (hence, overestimating the amount of drift, and conservative with respect to our alternative hypothesis). [33] . Given 30 year generation times, these choices correspond to hypothetical admixture beginning at approximately 1000, 1300 and 2300 years ago, respectively. It is not yet known when admixture actually began in Madagascar, but clear evidence of a mainland African culture on the island is absent until approximately 1000 years ago [25] , making the simulations with 43 generations of drift (corresponding to the time of the earliest human settlements [25] ) conservative with respect to the alternative hypothesis and the simulation of 77 generations of drift (corresponding to the best evidence for the earliest human presence on Madagascar [17] ) probably unrealistic but in any case even more conservative. We performed 10 000 simulations for each possible combination of parameters.
For simulations starting with a Duffy-null allele frequency of 0.48, a value based on our empirical observations of subSaharan African ancestry in the Merina, only the most extreme demographic scenario examined (initial N e ¼ 100, 2% growth, 77 generations of drift) had more than 5% of simulations finishing with a Duffy-null allele frequency greater than or equal to 0.78 (7.5% of simulations; figure 2 ). The Duffy-null allele frequency finished equal to or above 0.78 in only approximately 0.6% of all simulations run for 33 generations (564 out of 90 000), the admixture timing scenario most compatible with the archaeological record [25] , and in zero simulations with an initial population size of 500 individuals. Also, the Duffynull allele frequency finished equal to or greater than 0.72 in more than 5% of simulations in only five demographic scenarios, all with an initial N e ¼ 100, 77 generations of drift, or both, and thus probably more extreme than the actual demographic history of Madagascar (figure 2). The amount of genetic drift decreased when incorporating continuous migration from either the sub-Saharan African (electronic supplementary material, figure S3 ), or Austronesian (electronic supplementary material, figure S4 ) parent population.
Consequently, we used the more conservative (with respect to the alternative hypothesis of natural selection) simultaneous admixture model in all subsequent analyses.
We obtained similar results from simulations based on the sub-Saharan ancestry proportion (67%) and Duffy-null allele frequency (0.92) that have been estimated for southern coastal populations [9, 24] . Only three demographic scenarios produced more than 5% of simulations finishing with Duffynull allele frequencies of at least 0.92, the least extreme of which had an initial N e of 100 individuals, 2% population growth and 33 generations of drift (electronic supplementary material, figure S5 ). In aggregate, our simulation results suggest that genetic drift is only a viable (yet still unlikely) hypothesis for the observed frequency of the Duffy-null allele in the Malagasy if their demographic history was characterized by an extremely small initial effective population size (e.g. less than 200) at the onset of Austronesian and sub-Saharan African admixture.
(d) Genomic expectations for allelic fixation under the Duffy-null genetic drift hypothesis
Our simulation results suggest that under reasonable parameters for the demographic history of Malagasy admixture, genetic drift is an unlikely explanation for the high frequency of the Duffy-null allele in Madagascar. In other words, the influence of positive selection was probably necessary to achieve the observed high frequency of this allele. However, we did identify certain combinations of relatively extreme initial population size, population growth and time since admixture parameters under which genetic drift alone was sufficient to achieve an allele frequency of at least 0.78 or 0.72 in a small percentage of simulations with a starting allele frequency of 0.48. Yet, such strong genetic drift would simultaneously be expected to have measurable effects on genetic diversity across the entire genome, not just at the Duffy locus. Specifically, a substantial proportion of SNPs with non-intermediate allele S o u th A f r ic a n M o z a m b ic a n B u r u n g e E u r o p e a n B r a h m in M a la C h in a J a p a n M e r in a frequencies at the onset of admixture would have become fixed. Therefore, we evaluated whether the observed levels of allelic fixation among Malagasy Merina SNPs with different initial estimated allele frequencies are consistent with the amount of genetic drift represented in those extreme demographic scenarios, to further assess the likelihood that positive selection at least partly explains the observed high frequency of the Duffy-null allele.
To do so, we used fastadsim.pl to estimate the expected level of allelic fixation owing to genetic drift across the genome, given two demographic scenarios that were most compatible with the Duffy-null allele genetic drift hypothesis under the different admixture and allele frequency estimate combinations. We then compared these results to the observed levels of SNP allelic fixation in the Malagasy Merina sample. Specifically, we estimated the initial allele frequency (at the onset of admixture) The observed level of allelic fixation in the Merina was much lower than expected under the extreme demographic scenarios that would be required for the Duffy-null genetic drift hypothesis and a Duffy-null allele frequency of 0.78 ( figure 3 ). For example, given 48% admixture, initial N e ¼ 100 and 77 generations of drift, it is expected that 58.6% of SNPs with predicted starting allele frequencies of 0.050-0.075 would be observed to be fixed. However, we observe only 17.3% of such SNPs to be fixed in the Malagasy. The observed level of allelic fixation remains much lower than expected even under the least extreme demographic scenario compatible with drift and a Duffy-null allele frequency of 0.72 (electronic supplementary material, figure S6 ). The amount of genetic diversity observed in the Malagasy suggests a demographic history involving either a larger population size at the onset of admixture or a smaller number of generations than allowed by the demographic scenarios compatible with a genetic drift-only hypothesis to explain the high frequency of the Duffy-null allele in Madagascar.
In turn, we can also use this framework to identify a demographic scenario expected to closely result in the observed level of genome-wide allelic fixation in the Malagasy Merina, followed by genetic drift simulations with that demographic scenario to determine the likelihood of an allele frequency increase equal to or greater than that observed for the Duffy-null allele. Specifically, we found that the simulated loss of genetic diversity under a demographic history of initial N e ¼ 500, 2% population growth and 33 generations of drift was similar to that observed in our Merina genome-wide SNP data (electronic supplementary material, figure S7a). Under such a demographic history, genetic drift alone resulted in an allele frequency shift from 0.48 to 0.72 in only seven out of 10 000 simulations (0.07%), and never resulted in a final Duffy-null allele frequency increase to 0.78 or higher (electronic supplemental material, figure S7b). Thus, a demographic history compatible with patterns of Merina genetic diversity is highly unlikely to achieve the observed Duffynull allele frequency in the same population in the absence of natural selection.
(e) Coefficient of selection and time to fixation
Because our analyses indicate that the observed difference between African ancestry proportions and Duffy-null allele frequency among the Malagasy is unlikely to have occurred in the absence of natural selection, we estimated the coefficients of selection, s, necessary to produce the observed frequency changes given various possible Duffy-null allele initial and current allele frequencies and numbers of generations of selection (electronic supplemental material, table S1). Given the best estimate of the initial Duffy-null allele frequency in the Merina (0.48), the best estimate of the current frequency (0.78) and 33 generations of selection (corresponding to the time when there is an archaeological presence from both Africa and Eurasia in Madagascar), we estimate s to be 0.066.
For
selection coefficient of 0.066, we thereby estimate that it would take 1646 generations (49 380 years given 30 year generations) for the Duffy-null allele to increase in frequency from 0.01 to 0.99.
Discussion
(a) Natural selection for the Duffy-null allele and the role of vivax malaria
Our empirical data and simulation results suggest that genetic drift alone is unlikely to explain the high frequency of the Duffy-null allele in Madagascar. Genetic drift alone is only a likely explanation for the large shift in Duffy-null allele frequency under a Malagasy demographic history characterized by an extremely small population size at the initial time of admixture and many generations of drift. Yet, such a scenario would be expected to simultaneously cause loss of allelic diversity across the genome at a level that is not compatible with observed Malagasy genomic diversity. We therefore conclude that positive natural selection has favoured the Duffy-null allele in Madagascar in the relatively short time since the allele was introduced to the island by migrants from mainland sub-Saharan Africa. While it has been hypothesized that the Duffy-null allele was favoured in sub-Saharan Africa because it was protective against vivax malaria [35] , this account has been questioned [13, 16] , because: (i) P. vivax was until recently thought to have been transferred to humans from macaques in Asia, rather than Africa [16] , (ii) vivax malaria is rarely lethal and the strength of selection for the Duffy-null allele would be expected to have decreased as it increased in frequency and P. vivax became correspondingly more rare [13] , and (iii) there was no evidence that vivax malaria was ever common in sub-Saharan Africa [13] . Livingstone [13] , in particular, argued that some other selective pressure, related to resistance against an unknown pathogen, resulted in the fixation of the Duffy-null allele in sub-Saharan Africa, and that P. vivax was thereby excluded from invading the region because the people were not susceptible.
Our results contribute to this debate. Specifically, given that the Duffy-null allele is protective against vivax malaria and that vivax malaria is endemic to Madagascar, resistance to P. vivax infection may have been the selective force that has driven the frequency increase of the Duffy-null allele among the Malagasy. While it is not possible at this time to completely exclude key roles for non-malarial selective agents in this evolutionary process, our finding is consistent with the hypothesis that selection for vivax malaria resistance drove the fixation of the Duffy-null allele in mainland sub-Saharan Africa. Moreover, African great apes were recently discovered to be infected with P. vivax [36] , and phylogenetic analysis of these and human isolates suggest that all human P. vivax descends from a single clade of the African great ape P. vivax strains, indicating an African origin for human P. vivax [37] . This finding supports the long-term presence of P. vivax in Africa, perhaps allowing for the approximately 49 000 years that we estimate would have been required for selection to fix the Duffy-null allele in Africa.
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Given these findings, we propose the following hypothesis for the evolution of the Duffy-null allele in Africa. First, P. vivax initially infected humans in Africa via transmission from sympatric apes [37] and become endemic across Africa prior to the expansion of modern humans out of Africa 50 000-100 000 years ago [38] . The dispersal of modern humans out of Africa may then have led to the spread of P. vivax around the world, resulting in endemicity wherever suitable habitat exists [12] . The Duffy-null allele may be relatively old, as suggested by the occurrence of the allele on both the FY*A and FY*B haplotype backgrounds [10, 15, 39] . The Duffy-null allele may have risen to appreciable frequency either through drift or selection in West Africa where P. vivax was probably first transmitted to humans [37] , but may have still been at low enough frequency in East Africa at the time of the out-of-Africa migration that it was lost during the concomitant bottleneck. This time frame would allow for the long time required for the Duffy-null allele to reach fixation in sub-Saharan Africa given selection for the recessive phenotype and would be consistent with previous estimates indicating that the FY*A and FY*B alleles had not been fully replaced by the Duffy-null allele by approximately 15 000 years ago [39] . In this scenario, much of the selection for the Duffy-null allele would have occurred prior to adoption of agriculture, when population densities would have been relatively low. Consistent with this notion, compared with Plasmodium falciparum malaria, P. vivax malaria endemicity may be possible with lower population densities owing to its relatively long incubation period, relatively lower virulence and recurring nature [13] .
(b) Natural selection in admixed populations
The role of recent natural selection in admixed human populations is increasingly recognized as a potentially important force shaping genomic diversity. Current interest in this topic has been fuelled in part by recent reports of admixture between anatomically modern humans and Neandertals [40] and Denisovans [41] . Comparison of a large sample of Eurasian genomes to the Neandertal genome suggests that while purifying selection may have disproportionately removed Neandertal genomic segments containing testes-expressed genes from the Eurasian gene pool, several Neandertal genomic segments containing genes involved in skin pigmentation appear to have increased in frequency at a rate consistent with adaptive introgression [4] .
Additionally, studies of modern human populations have scanned the genome for regions with over-or underrepresented ancestry relative to the average amount of admixture in African American [42, 43] , Latino [44 -46] and South African Khoe -San hunter-gatherer [47] populations, which could reflect recent positive selection for previously population-specific alleles. The two studies of African Americans identified several such candidate regions, though none overlapped between the studies and none have been associated with a phenotype [42, 43] . A scan in Puerto Ricans identified three candidate loci, including the immune system genes of the major histocompatibility complex (MHC) [44] . While this is an intriguing result, the MHC region might be particularly prone to false positive identifications of adaptive introgression in admixed populations because it is typically under strong balancing selection [48] ; thus, deeply diverged lineages associated with balancing selection at this locus may have originated prior to the initial population split and been retained, rather than introduced through recent admixture. The Khoe -San study highlighted a region of potential adaptive introgression from Bantu-speaking agriculturalists nearby a gene known to be involved in skin pigmentation [47] , although the specific effect of the purported adaptive allele is unknown. A recent study presented a strong case for selection related to high-altitude adaptation in Tibetan populations, whose genomes reflect past admixture between ancestral populations related to both the lowland Han Chinese and the highland Nepalese Sherpa [3] . The admixed Tibetans have significantly higher proportions of ancestry attributed to the high-altitude ancestral population nearby the EGLN1 and EPAS1 genes than that observed across the remainder of the genome [3] . EGLN1 and EPAS1 variants are thought to play a major role in the elevated haemoglobin phenotype seen in Tibetans and confer a selective advantage in the high-altitude environment [49] [50] [51] .
Our report of a probable history of positive selection for the Duffy-null allele in the admixed Malagasy is also a strong example of recent selection in an admixed human population, especially considering the clear DARC antigen phenotype associated with the Duffy-null allele and the known associated benefit of high resistance to P. vivax infection. These results highlight the important role that natural selection may play in shaping the genetic diversity of recently admixed populations and the roles of migration and gene flow in providing a potential source of adaptive genetic variants.
The Malagasy and South African samples were collected with approval from the Human Research Ethics Committee of the University of Witwatersrand.
